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ULTRASOUND-INDUCED CONVECTION
FOR DRUG DELIVERY AND TO DRIVE
GLYMPHATIC OR LYMPHATIC FLOWS

INTRODUCTION

[0001] Drug delivery to the brain 1s significantly limited
by the blood-brain barrier (BBB), which excludes ~98% of
potential small molecule therapeutics and nearly 100% of
large therapeutics. In principle, if an agent 1s administered
into the cerebrospinal fluid (CSF) of the cisterns or ven-
tricles of the central nervous system (CNS), e.g. via intrath-
ecal delivery during a spinal tap, the agent would already be
across the BBB and therefore able to access the brain and
spinal cord parenchyma. While such intrathecal delivery 1s
used for the treatment or prophylaxis of a variety of CSF-
based diseases, including leptomeningeal metastatic cancer
and infectious meningitis, drug penetration into the CNS
parenchyma 1s known to be severely limited. A means to
overcoming this eflective CSF-parenchyma barrier could
greatly expand the utility of myriad off-the-shelf therapeutic
agents for the treatment ol numerous CNS diseases.

[0002] Recently, researchers have observed that vascular
pulsations may drive active transport of cisternal CSF fluid
into the interstitial compartment of the brain parenchyma, a
system coined the “glymphatic pathway”. While the glym-
phatic pathway could be utilized for drug delivery, at base-
line 1ts rate of fluid transport i1s msuilicient to drive signifi-
cant convection of intrathecally administered agents into the
brain parenchyma. Further, while the glymphatic system has
been linked to a variety of physiological states, like sleep,
and diseases like Alzheimer’s disease or traumatic brain
injury, these studies are fundamentally correlative as there
are no described means for independently controlling glym-
phatic transport.

[0003] Methods of enhancing delivery of active agents
through the glymphatic system are of great interest;
addressed by the present disclosure.

SUMMARY

[0004] Methods are provided to utilize low-1ntensity non-
invasive transcranial ultrasound to upregulate the glym-
phatic pathway to improve the eflicacy of intrathecal drug
delivery. By applying ultrasound in the appropriate manner
and frequency; convective tlows are driven into and through
the interstittum of a target organ. It 1s shown herein that
noninvasive transcranial low-intensity ultrasound increases
parenchymal penetration of intrathecally administered small
and large molecular agents, including, for example, chemo-
therapeutic drugs, antibodies, 1imaging agents, etc.

[0005] In some embodiments, the subject methods and
systems provide improved parenchymal delivery of thera-
peutic agents that are delivered intrathecally via lumbar or
cervical puncture. In some embodiments, the subject meth-
ods and systems provide improved spread of therapeutic
agents 1 the parenchyma following ultrasound mediated
blood-brain barrier opening.

[0006] In some cases, the methods include the application
of ultrasound with single or multiple transducers. In some
cases, the methods include the application of ultrasound
with interstitial or intraluminal devices. In some cases, the
methods include the use of ultrasound frequencies between
100 kHz to 2 MHz. In certain aspects, the subject methods
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and systems are paired with invasive needle or catheter-
based drug delivery approaches.

[0007] In some embodiments, a method 1s provided for
increasing brain penetration of an intrathecally administered
agent, the method comprising intrathecally administering an
agent to a subject; and applying transcranial ultrasound to
the subject to modulate the glymphatic pathway to promote
brain penetration of the intrathecally administered agent.
The ultrasound can be applied as a low-intensity transcranial
scanning ultrasound treatment. Useful ultrasound may have
a Irequency ranging from 600 kHz to 700 kHz. Useful
ultrasound may have an intensity ranging from 10 mW/cm”
to 450 mW/cm”. Useful ultrasound may have a mechanical
index ranging from 0.2 to 0.3.

[0008] In some aspects, provided herein 1s a method of
treating or ameliorating a neurological disease or disorder
selected from Alzheimer’s Disease, epilepsy, tremors, sei-
zures, CNS cancers and tumors (gliomas, glioblastoma
multiforme (GBM), medulloblastoma, astrocytoma, diffuse
instrinsic pontine glioma (DIPG)), pain, psychiatric diseases
(e.g., PTSD, anxiety disorder, depression, bipolar disease,
suicidality), traumatic brain injury, sleep disorders, pseudo-
tumor cerebri, and other disorders that may result from a
dystunction of central nervous system glymphatic tlows. In
certain embodiments, the modulation of the glymphatic
pathway with ultrasound as described herein may treat or
ameliorate the neurological disease or disorder.

[0009] In some embodiments, the composition or method
described herein 1s used 1in combination with one or more
methods of imaging (e.g. IMRI or PET), measuring elec-
trophysiology (e.g. EEG), and/or behavioral assessment of
brain function, following focal drug release.

[0010] In some aspects, a neurally-active/neuromodulator
drug 1s used as a therapeutic agent, for example and without
limitation propofol, ketamine, nicardipine, verapamil, dex-
medetomidine, modafinil, doxorubicin, and cisplatin. In
some embodiments, the therapeutic agent 1s a hydrophobic
compound. In some embodiments, the therapeutic agent 1s a
vasodilator. In other embodiments the therapeutic agent for
delivery include, without limitation. chemotherapeutic
agents, such as temozolomide, trimethoprim/sulfamethoxa-
zole, nitrosoureas, procarbazine, vincristine alone or 1n
combination, intrathecal methotrexate, combination chemo-
therapy (e.g., mechlorethamine, vincristine [Oncovin], pro-
carbazine, plus prednisone [MOPP]), cisplatin, and carbo-
platin). Antibodies can be delivered, for example antibodies
specific for a tumor antigen, antibodies specific for check-
point inhibitors, co-stimulatory molecules, etc. and other
immunomodulatory antibodies, e.g., for example and with-
out limitation panitumumab; nanoparticle encapsulations of
therapeutic antibodies or chemotherapy agents, ¢.g. Abrax-
ane; gene therapy vectors; and the like.

[0011] In some embodiments, the subject methods and
systems provide for movement of the spinal/epidural anes-
thesia level to one level higher following catheter placement
at a lower level for regional or spinal anesthesia. In some
embodiments, the subject methods and systems provide
chronic therapies for driving glymphatic tlows (e.g. to
prevent or treat Alzheimer’s) or for driving lymphatic flows
(e.g. to treat lymphedema).

[0012] In some aspects, provided herein 1s a method of
treating or ameliorating a neurological disease or disorder
selected from Alzheimer’s Disease, epilepsy, tremors, sei-
zures, CNS cancers and tumors (gliomas, glioblastoma
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multiforme (GBM), medulloblastoma, astrocytoma, diffuse
instrinsic pontine glioma (DIPG)), pain (including neuro-
pathic pain), and psychiatric diseases (e.g., PTSD, anxiety
disorder, depression, bipolar disease, suicidality), traumatic
brain injury, sleep disorders, pseudotumor cerebri, and other
disorders that may result from a dysfunction of central
nervous system glymphatic tlows.

[0013] In certain embodiments, the methods may be used
anywhere 1n the body noninvasively, with the use of lower
frequency ultrasound transducers, e.g., focused transducers.
In certain embodiments, ultrasound 1s used to drive lym-
phatic or glymphatic flows. In some embodiments, the
subject methods and systems provide improved spread of
therapeutic agents 1 an organ (e.g. liver) following trans-
arterial chemoembolization. In some embodiments, the sub-
ject methods and systems provide improved spread of thera-
peutic agents 1 an organ following agent infusion following,
direct organ access with a needle (i.e. as an adjunct to more
usual convection enhanced delivery).

[0014] In alternative embodiments, intrathecal drug deliv-
ery 1s enhanced with interstitially placed invasive transduc-
ers. In certain embodiments, single or multiple ultrasound
transducers are coupled to the skin surrounding a target
organ or set of organs, for mstance, placed around the scalp
and spinal column to target the central nervous system. In
some embodiments, the drug or therapeutic agent of 1nterest
will be placed in the medium perfusing the organ (in the case
of vascular delivery) or directly placed 1n the extracellular
fluid of the organ (e.g. cerebrospinal fluid surrounding the
organs). At the appropriate time, ultrasound will be applied.
The ultrasound pressure field can be varied to achieve the
cellect by mechanically moving the transducer(s) or by
altering the phase timing 1n the case of multiple transducers.
In each case, the same principles may be used to drive
lymphatic flows 1n the body or glymphatic flows 1n the brain.
[0015] These and other objects, advantages, and features
of the disclosure will become apparent to those persons
skilled 1n the art upon reading the details of the compositions
and methods as more fully described below.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] The invention 1s best understood from the follow-
ing detailed description when read 1in conjunction with the
accompanying drawings. It 1s emphasized that, according to
common practice, the various features of the drawings are
not to-scale. On the contrary, the dimensions of the various
features are arbitrarily expanded or reduced for clarty.
Included in the drawings are the following figures.

[0017] FIG. 1 provides a schematic of ultrasonic glym-
phatic induction for enhancing the brain penetration of an
intrathecally administered agent. A. Following intrathecal
injection of an agent into the cisternal cerebrospinal fluid
(CSF), to bypass the blood-brain barrier (BBB), transcranial
focused ultrasound (FUS) 1s applied across the intact skull.
B. Scanning an ultrasound focus across the whole brain 1s
hypothesized to increase glymphatic transport of cisternal
CSF into the brain. The ultrasound focus trajectory 1is
indicated by the dashed line, with the full-width at half
maximum of the ultrasound field 1n orange, and 1s overlaid
onto a maximum 1intensity projection (MIP) of a 3D volu-
metric T1w MRI (left; major cerebral arteries 1n white) and
a representative transverse brain atlas section (right) (38),
indicating the relevant anatomical structures. Ultrasound

protocol: 650 kHz ultrasound frequency, 0.25 MI (0.2 MPa
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estimated 1n situ peak negative pressure), held continuously
on while scanning the indicated 8x10 mm rectangular tra-
jectory repeatedly for 10 min; estimated local duty cycle of
7.7% given the transverse full-width at half-maximum
(FWHM) of the focus being 2.78 mm (longitudinal FWHM
12 mm). It takes about 24 sec to complete one 36 mm loop,
and this loop was completed 25 times, which gives a total
sonication time of about 10 min.

[0018] FIG. 2 shows transcranial ultrasound noninva-
sively accelerates glymphatic transport into the brain paren-
chyma for an intrathecally administered 1 kDa MRI tracer.
A. Experimental timeline to measure the spread of intrath-
ecally admimistered MRI contrast agent into the brain using
quantitative T1-mapping MRI before and after ultrasound
intervention. B. Representative pseudocolor Tlw MRI
images of rat brains following intrathecal MRI contrast
agent injection with sham (top) or ultrasound (bottom)
intervention. C-D. Quantitative T1-mapping MRI was used
to quantily the contrast agent concentration in the brain
before and after intervention. C. Representative T1-maps
showing contrast agent in the brain with (bottom) and
without (top) transcranial ultrasound application, at 105 min
alter contrast agent admimstration and 70 min from the
ultrasound intervention; dark regions indicate higher MRI
contrast agent concentration. D. Brain volume containing a
resolvable amount of the itrathecally administered contrast
agent over time showing that the ~1 kDa contrast agent 1s
driven 1nto a significantly larger volume of brain with the
ultrasound intervention, versus sham. Gray column indicates
ultrasound intervention timing. Presented as mean+S.D. for
groups of n=10-11 (12-105 min) and n=3-4 (180-240 min).
*. p=0.05, **: p=, 0.01 by ANOVA and post-hoc t-tests,
comparing ultrasound to sham (black asterisk) and compar-
ing ultrasound timepoints with the baseline at 12 min (red
asterisk). Only the significantly different comparisons are
noted.

[0019] FIG. 3 shows transcranial ultrasound noninva-
sively accelerates glymphatic transport mnto the bramn of
small (1 kDa) and large (150 kDa) molecule agents follow-
ing intrathecal administration. A. Experimental timeline to
measure ultrasound-induced changes in the brain penetra-
tion of intrathecally administered small and large agents. B.
Representative pseudocolor near-infrared images of brain
slices following cisternal 1njection of the small molecule
tracer (top; ~1 kDa, IRDye8000W dye) and the large tracer
(bottom; ~150 kDa, Panitumumab-IRDye800). C. Near-
infrared fluorescent 1imaging-defined dye-enhanced area for
the small and large molecular tracers revealed that both
agents penetrated into the brain to a sigmificantly greater
degree with ultrasound, compared to sham. Presented as
meanzS.D. for groups of n=3-4 for each agent. *: p=, 0.05
by two-tailed t-tests, comparing ultrasound to sham.

[0020] FIG. 4 shows ultrasonic glymphatic induction 1s
safe. A. Experimental timeline for safety assessment. B.
Representative MRI images showing no signs of damage,
including edema or hemorrhage, 1n the brain parenchyma
betore (left) and after (right) transcranial ultrasound appli-
cation (trajectory in orange; 0.25 MI 1n situ, 7.7% local duty
cycle for 10 min). C-E. Ex vivo brain slice analysis. C.
Representative bright-field image and D. Representative
hematoxylin and eosin-stained (H & E) transverse sections
of the brain of the same rat as 1n B. E. Magnified views of
the indicated areas of D demonstrating no evidence of brain
parenchymal damage with this ultrasound protocol.
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[0021] FIG. 5 shows optimization of TI1-mapping
sequence. Measured T1 values within the hippocampal
region of the rat brain are not aflected by TR ranging
between 3000-6000 ms corresponding to 8-25 min long scan
times respectively. A. Representative examples of T1-maps
with the TR=3000 ms for 8 min scan time, 4000 ms for 18
min scan time, and 6000 ms for 25 min scan time, each taken
at 12 min after intrathecal contrast agent injection. Green
circles within the hippocampal region are included for the
T1 value comparisons. Constant volumes were used across
the different sequences for the T1 value comparisons. C.
Averaged T1 values across a constant volume (0.37 cm3) for
different T1-mapping sequences show that T1 values are not
allected by changing TR across these different sequences.
[0022] FIG. 6 shows ultrasonic glymphatic induction 1is
safe. A. Representative pseudocolor Tlw images of rat
brains after cisternal MRI contrast agent injection. Contrast
agent uptake was monitored up to 72 hrs given that the CSF
1s replaced completely by 72 hrs. These results showed that
(d-chelate cleared from the CSF-ISF spaces by 3 hours, and
turther confirm there 1s no long-term eflects of these inter-
ventions. B. T2*w MRI showed no brain parenchymal
damage up to 72 hours after intervention. No effects such as
edema or hemorrhage were noted at 24 hours (left) or at 72
hours (right) following ultrasound (0.25 MI 1n situ, 7.7%
local duty cycle for 10 min) application.

[0023] FIG. 7 shows enhanced brain interstitial/glyms-
phatic flow with ultrasound.

DETAILED DESCRIPTION

[0024] Certain aspects, including embodiments, of the
present subject matter may be beneficial alone or 1 com-
bination, with one or more other aspects or embodiments.
Without limiting the following detailed description, certain
non-limiting aspects of the disclosure are provided below.
As will be apparent to those of skill in the art upon reading,
this disclosure, each of these aspects may be used or
combined with any of the preceding or following aspects.
This 1s intended to provide support for all such combinations
of aspects and 1s not limited to combinations of aspects
explicitly provided below.

[0025] Ultrasound-mediated drug delivery has gained
much attention recently with the availability of clinical
focused ultrasound systems that may sonicate any region of
the body with millimeter spatial resolution.

[0026] Provided herein are methods of increasing delivery
of an adminmistered agent to an organ or cells of interest. The
methods modulate the interstitial fluid transport systems of
the body including, e.g., the glymphatic system or the
lymphatic system. The methods can increase delivery of an
administered agent with the application of ultrasound, e.g.,
low 1ntensity or low frequency ultrasound. The ultrasound
may be administered to any suitable region of the body, e.g.,
an organ or and area of the body surrounding the organ. The
application of ultrasound may, e.g., accelerate transport of
drugs within the interstitium of an organ. In some cases, the
agent 1s administered to a blood vessel or a flmid space near
a parenchyma of interest.

[0027] In certain embodiments, the methods increase brain
penetration of an intrathecally admimistered agent. By “brain
penetration” 1s meant delivery of an agent to the brain, e.g.,
to the tissues of the brain. Brain penetration may include the
brain and/or spinal cord parenchymal uptake of the agent,
e.g., from cisternal cerebrospinal fluid. Brain penetration
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may be increased with upregulation of the glymphatic
pathway. Aspects of the methods may include intrathecally
administering an agent to a subject. The methods may
turther iclude applying transcranial ultrasound to the sub-
ject to modulate the glymphatic pathway to promote brain
penetration of the intrathecally administered agent.

[0028] As summarized above, the methods may include
applying or administering transcranial ultrasound to a sub-
ject to modulate the glymphatic pathway to promote brain
penetration of the intrathecally administered agent. The term
“olymphatic pathway” 1s used 1n its conventional sense to
refer to a brain-wide network of paravascular channels along,
which cerebrospinal fluid (CSF) moves into and through the
brain parenchyma, facilitating the exchange of CSF and
interstitial fluad (ISF) and the clearance of interstitial solutes
from the brain. Increasing or promoting the glymphatic
clearance system may facilitate clearance of waste products
from the brain, such as, e.g., amylmd 3. The glymphatic
system was {irst described by Ilf et al. 1n 2012 (IlfT et al., Sc1
Transl Med. 2012; 4:14°/ral 1 1). In some cases, the method
includes upregulating the glymphatic pathway with the
application of ultrasound. In some cases, upregulating the
glymphatic pathway includes increasing and/or accelerating
glymphatic transport of cisternal cerebrospinal fluid (CSF)
into the brain of a subject. In some cases, upregulating the
glymphatic transport pathway includes increasing the rate of
CSF transport to the brain. The CSF may include an intrath-
ecally administered agent. In some cases, brain penetration
of the intrathecally administered agent i1s increased by a
percentage ranging from 50% to 120%, from 50% to 110%,
from 50% to 110%, from 60% to 110%, or from 70% to
110% compared to a control. The control may not be
subjected to any ultrasound such, e.g., a subject that 1s not
subjected to ultrasound after admimstration of an agent.

[0029] The application of transcranial ultrasound may
include the transmission of low-intensity and/or low fre-
quency ultrasound through the skull of a subject. The
transcranial ultrasound may be applied in a non-invasive
manner. In some cases, the transcranial ultrasound does not
produce any tissue damage, e.g., neuronal cell damage,
when applied to the brain of a subject. In some cases, the
transcranial ultrasound includes transcranial focused ultra-
sound. Transcranial focused ultrasound may be applied by
any convenient means as described 1n, e.g., U.S. Publication
No.’s 2016/0038770 and 2019/0030375, the disclosures of
which are incorporated herein by reference in their entire-
ties. The transcramial ultrasound may be applied to any
suitable area of the brain and/or spinal cord. In some cases,
the transcramal ultrasound 1s applied or delivered across the
whole brain of the subject. In some cases, the transcranial
ultrasound 1s applied or delivered to one or more regions of
the brain of the subject.

[0030] Ultrasound parameters that may vary include, e.g.,
ultrasound fundamental frequencies (UFF), intensities (Ul),

durations (UD), duty cycles (UDC), pulse repetition ire-
quencies (UPRF), mechanical index, etc. The frequency of

the applied ultrasound may range from 100 kHz to 700 kHz
including, e.g., from 200 kHz to 700 kHz, from 300 kHz to

700 kHz, from 400 kHz to 700 kHz, from 500 kHz to 700
kHz, from 600 kHz to 700 kHz, from 500 kHz to 650 kHz,
or from 600 kHz to 650 kHz. In certain embodiments, the
applied ultrasound has a frequency that ranges from 100 kHz
to 2 MHz including, e.g., 200 kHz to 2 MHz, 300 kHz to 2
MHz, 400 kHz to 2 MHz, 500 kHz to 2 MHz, 600 kHz to
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2 MHz, 700 kHz to 2 MHz, 800 kHz to 2 MHz, or 900 kHz
to 2 MHz. The ultrasound may be at an intensity 1n a range
of 0.0001 mW/cm® to 100 W/cm~. In some cases, the
methods include applying low-intensity (<500 mW/cm®)
ultrasound. In some cases, the intensity may comprise a
range from 10 mW/cm?® to 450 mW/cm® including, e.g.,

from 25 mW/cm~ to 450 mW/cm?, from 50 mW/cm~ to 450
mW/cm?, from 100 mW/cm® to 450 mW/cm?*, from 150
mW/cm” to 450 mW/cm?, from 200 mW/cm® to 450
mW/cm®, from 250 mW/cm® to 450 mW/cm®, from 10
mW/cm”® to 400 mW/cm®, from 10 mW/cm® to 350
mW/cm®, from 10 mW/cm® to 300 mW/cm?, from 10
mW/cm® to 250 mW/cm?®, from 10 mW/cm® to 200

mW/cm?®, or from 10 mW/cm® to 150 mW/cm?®. Other

intensities that are contemplated include from 1 W/cm?2 to
100 W/cm®. For example, an acoustic intensity of the

methods may comprise 1 W/cm”, 2 W/cm®, 3 W/cm?, 4
W/cm?, 5 W/em?®, 10 W/cm?, 15 W/cm?, 20 W/cm?, 25

W/cm?, 30 W/ecm?®, 40 W/em=, 50 W/ecm?, 60 W/cm?>, 70
W/cm?, 75 W/em?, 80 W/cm=, 90 W/cm=, 100 W/cm?, or in
a range of 10 mW/cm” to 500 mW/cm”. The mechanical
index of the applied ultrasound may range from 0.1 to 1.9
including, e.g., from 0.1 to 1.5, from 0.1 to 1.0, from 0.1, to
0.5, from 0.1 to 0.3, from 0.2 to 1.9, from 0.2 to 1.5, from
0.2 to 1.0, from 0.2 to 0.5, from 0.2 to 0.4, or from 0.2 to 0.3.
Ultrasound may be applied or delivered to a subject for any
suitable amount of time ranging {from, e.g., 1 minute to 30
minutes, 1 minute to 20 minutes, 1 minute to 15 minutes, 5
minutes to 15 minutes, or 10 minutes to 15 minutes.

[0031] As summarized above, the methods may include
intrathecally administering an agent to a subject. As used
herein, the term “intrathecal administration” or “intrathecal
injection” refers to an mjection nto the spinal canal (intrath-
ecal space surrounding the spinal cord). The intrathecal
administering may include administering a pharmaceutical
composition directly into the cerebrospinal fluid of a subject,
Various techniques may be used including, without limita-
tion, lateral cerebroventricular injection through a burrhole
or cisternal or lumbar puncture or the like. In some embodi-
ments, “intrathecal administration” or “intrathecal delivery”
according to the present invention refers to I'T administration
or delivery via the lumbar area or region, 1.e., lumbar IT
administration or delivery. As used herein, the term “lumbar
region’” or “lumbar area” refers to the area between the third
and fourth lumbar (lower back) vertebrae and, more inclu-
sively, the L.2-S1 region of the spine.

[0032] In some instances, the agent 1s a small molecule
agent. Naturally occurring or synthetic small molecule com-
pounds of interest include numerous chemical classes, such
as organic molecules, e.g., small organic compounds having
a molecular weight of more than 50 and less than about
2,500 Daltons. Candidate agents comprise functional groups
for structural interaction with proteins, particularly hydro-
gen bonding, and typically include at least an amine, car-
bonyl, hydroxyl or carboxyl group, preferably at least two of
the functional chemical groups. The candidate agents may
include cyclical carbon or heterocyclic structures and/or
aromatic or polyaromatic structures substituted with one or
more of the above functional groups. Candidate agents are
also found among biomolecules including peptides, saccha-
rides, fatty acids, steroids, purines, pyrimidines, derivatives,
structural analogs or combinations thereof. Such molecules
may be i1dentified, among other ways, by employing the
screening protocols.
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[0033] In some cases, the agent 1s a protein or fragment
thereol or a protein complex. In some cases, the agent 1s an
antibody binding agent or derivative thereof. The term
“antibody binding agent™ as used herein includes polyclonal
or monoclonal antibodies or fragments that are suflicient to
bind to an analyte of interest. The antibody fragments can
be, for example, monomeric Fab fragments, monomeric Fab'
fragments, or dimeric F(ab)'2 fragments. Also within the
scope of the term “antibody binding agent” are molecules
produced by antibody engineering, such as single-chain
antibody molecules (scFv) or humanized or chimeric anti-
bodies produced from monoclonal antibodies by replace-
ment of the constant regions of the heavy and light chains to
produce chimeric antibodies or replacement of both the
constant regions and the framework portions of the variable
regions to produce humanized antibodies. In some cases, the
agent 1S an enzyme or enzyme complex. In some cases, the
agent includes a phosphorvlating enzyme, e.g., a kinase. In
some cases, the agent 1s a complex including a guide RNA
and a CRISPR eflector protein, e.g., Cas9, used for targeted
cleavage of a nucleic acid.

[0034] In some cases, the agent 1s a nucleic acid. The
nucleic acids may include DNA or RNA molecules. In
certain embodiments, the nucleic acids modulate, e.g.,
inhibit or reduce, the activity of a gene or protein, e.g., by
reducing or downregulating the expression of the gene. The
nucleic acid may be a single stranded or double-stranded and
may include modified or unmodified nucleotides or non-
nucleotides or various mixtures and combinations thereof. In
some cases, the agent includes intracellular gene silencing
molecules by way of RNA splicing and molecules that
provide an antisense oligonucleotide eflect or an RNA
interference (RINA1) effect usetul for mhibiting gene func-

tion. In some cases, gene silencing molecules, such as, e.g.,
antisense RNA, short temporary RNA (stRNA), double-

stranded RNA (dsRNA), small mterfering RNA (siRNA),
short hairpin RNA (shRNA), microRNA (miRNA), tiny
non-coding RNA (tncRNA), snRNA, snoRNA, and other
RNAi-like small RNA constructs, may be used to target a
protein-coding as well as non-protein-coding genes. In some
case, the nucleic acids include aptamers (e.g., spiegelmers).
In some cases, the nucleic acids include antisense com-
pounds. In some cases, the nucleic acids include molecules
which may be utilized 1n RNA interference (RNA1) such as
double stranded RINA including small interfering RINA
(siRNA), locked nucleic acid (LNA) inhibitors, peptide
nucleic acid (PNA) inhibitors, etc.

[0035] The agent may have any convenient molecular
weight. The molecular weight of the agent may range, e.g.,
from 1 kDa to 250 kDa, from 1 kDa to 200 kDa, or from 1
kDA to 150 kDA. In some cases, the agent 1s a small
molecular agent having a molecular weight ranging, e.g.,
from 0.1 kDa to 1 kDa or from 0.5 kDa to 1 kKDA. In some
cases, the agent 1s a large molecular agent having a molecu-
lar weight ranging, e.g., from 10 kDa to 250 kDa, from 10

kDa to 200 kDa, from 10 kDa to 150 kDa, from 10 kDa to
100 kDa, from 50 kDa to 250 kDa, or from 50 kDa to 200
kDa.

[0036] The compositions and methods described herein
may be useful 1n basic research and clinical applications
where, e.g., the intrathecal delivery of therapeutic agents 1s
desired. An exemplary application for the methods described
herein 1s pharmacotherapy for psychiatric treatment. In
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certain embodiments, the methods described herein can be
used 1n delivery of epileptogenic treatments.

[0037] Another application for the methods described
herein 1s for focal delivery of vasoactive substances to treat
alterations of perfusion, e.g. focally delivering calcium
channel antagonists like verapamil and/or nicardipine to
treat cerebrovascular disorders such as stroke, cerebral
vasospasm, or reversible cerebral vasoconstriction syn-
drome (RCVS).

[0038] Another application for the methods described
herein 1s for the focal delivery of therapeutic agents to treat
a cardiovascular disease or disorder selected from hyperten-
sion, arterial spasm or blockage, cerebral vasospasm, and
myocardial or other end organ infarction or 1schemaia.
[0039] Also contemplated 1s the introduction of the com-
positions of the present disclosure into the lymphatic sys-
tem. In certain embodiments, the application of ultrasound
may be used to enhance or increase lymphatic flow 1n the
body to aid 1n therapy of lymphatic disorders such as cancer
treatment induced lymphedema.

Definitions

[0040] Unless defined otherwise, all technical and scien-
tific terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this
disclosure belongs. Although any methods and matenals
similar or equivalent to those described herein can also be
used 1n the practice or testing of the present disclosure, some
potential and preferred methods and materials are now
described. All patents, patent applications and non-patent
publications mentioned herein are incorporated herein by
reference 1n their entirety to disclose and describe the
methods and/or materials 1n connection with which the
publications are cited. It 1s understood that the present
disclosure supercedes any disclosure of an incorporated
publication to the extent there 1s a contradiction.

[0041] Where a range of values 1s provided, 1t 1s under-
stood that each intervening value, to the tenth of the unit of
the lower limit unless the context clearly dictates otherwise,
between the upper and lower limits of that range and any
other stated or intervening value in that stated range, is
encompassed and specifically disclosed. Each smaller range
between any stated value or interveming value in a stated
range and any other stated or intervening value in that stated
range 1s encompassed within the present disclosure. The
upper and lower limits of these smaller ranges may inde-
pendently be included or excluded in the range, and each
range where either, neither or both limits are included 1n the
smaller ranges 1s also encompassed within the disclosure,
subject to any specifically excluded limit 1n the stated range.
Where the stated range includes one or both of the limuts,
ranges excluding either or both of those included limits are
also included 1n the disclosure.

[0042] It must be noted that as used heremn and in the
appended claims, the singular forms “a,” “an,” and “the”
include plural referents unless the context clearly dictates
otherwise. It 1s further noted that the claims may be drafted
to exclude any optional element. As such, this statement 1s
intended to serve as antecedent basis for use of such exclu-
sive terminology as “solely,” “only” and the like 1n connec-
tion with the recitation of claim elements, or use of a
“negative” limitation.

[0043] Furthermore, it 1s appreciated that certain features
of the invention, which are, for clanty, described i1n the
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context of separate embodiments, may also be provided 1n
combination 1n a single embodiment. Conversely, various
teatures of the invention, which are, for brevity, described 1n
the context of a single embodiment, may also be provided
separately or 1n any suitable sub-combination. All combi-
nations of the embodiments pertaining to the invention are
specifically embraced by the present invention and are
disclosed herein just as 1f each and every combination was
individually and explicitly disclosed. In addition, all sub-
combinations of the various embodiments and elements
thereol are also specifically embraced by the present inven-
tion and are disclosed herein just as if each and every such
sub-combination was individually and explicitly disclosed
herein.

[0044] As used herein, the term “modulating” means
increasing, reducing or inhibiting the activity of a biological
or physiological pathway. In some cases, “modulate” or
“modulating” or “modulation” may be measured using an
appropriate in vitro assay, cellular assay or 1n vivo assay. In
some cases, the increase or decrease 1s 10% or more relative
to a reference, e.g., 10% or more, 20% or more, 30% or
more, 40% or more, 50% or more, 60% or more, 70% or
more, 80% or more, 90% or more, 95% or more, 97% or
more, 98% or more, up to 100% relative to a reference. For
example, the increase or decrease may be 2 or more times,
3 times or more, 4 times or more, 5 times or more, 6 times
or more, 7 times or more, 8 times or more, 9 times or more,
10 times or more, S0 times or more, or 100 times or more
relative to a reference.

[0045] The well-known “Wada test” (also known as the
intracarotid sodium amobarbital procedure (ISAP)) 1s used
to establish the relative contribution of each cerebral hemi-
sphere to language (speech) and memory functions, and 1s
often used before ablative surgery 1n patients with epilepsy,
and sometimes prior to tumor resection. In a majority of
subjects, language (speech) 1s controlled by the left side of
the brain. Though generally considered a sale procedure,
there are at least minimal risks associated with the angiog-
raphy procedure that guides the catheter to the internal
carotid artery, and thus, researchers are looking into non-
invasive ways to determine language and memory laterality-
such as IMRI, TMS, magnetoencephalography, and near-
inirared spectroscopy.

[0046] The blood-brain barrier (BBB) 1s a system of
vascular structures, enzymes, receptors and transporters
designed to prevent access ol potentially toxic molecules
into the CNS, and to enable passage of nutrients, such as
glucose, 1to brain tissues/structures. The continuous capil-
laries forming the BBB are sealed and have no fenestrations
(openings), forming special tight junctions that restrict para-
cellular transport. Molecules are restricted from passing
between the adjacent cells 1n capillaries of the CNS by these
tight junctions, and pinocytosis 1s also limited across these
capillaries; thus, the main mechanism by which molecules/
drugs/imaging agents can pass through the capillaries of the
CNS 1nto the brain 1s passive transcellular diffusion. The
molecules transported by passive transcellular diffusion are
limited to low molecular weight lipophilic molecules, and
this permeability of the BBB 1s proportional to the lipophi-
licity of the low molecular weight molecules. However,
above a certain molecular weight, the permeability of lipo-
philic molecules across the BBB 1s substantially reduced.

[0047] Compared with the vasculature of many other
organs, the normal BBB severely restricts the passage of
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most drugs from plasma to the extracellular space, with
more than an 8-log difference 1n the entry rate of small,
lipid-soluble molecules compared with large proteins. A few
macromolecules are able to enter the brain tissue from the
blood by a receptor-mediated process; for example, brain
cells require a constant supply of iron to maintain their
function and the brain may substitute its iron through
transcytosis ol 1ron-loaded transferrin (T1) across the brain
microvasculature. Other biologically active proteins, such as
insulin and immunoglobulin G, are actively transcytosed
through BBB endothelial cells. The presence of receptors
involved in the transcytosis of ligands from the blood to the

brain oflers opportunities for developing new approaches to

the delivery of therapeutic compounds across the BBB (Jain,
K., (2012) Nanomedicine. 7(8):1225-1233).

[0048] Several strategies have been used for manipulating
the BBB for drug delivery to the brain, including osmotic
and chemical opening of the BBB as well as the use of
transport/carriers. However, the drawbacks of such strate-
gies to forcibly open the BBB include causing damage to the
barrier and/or allowing uncontrolled passage of drugs or
other noxious agents into the brain. Bypassing the BBB by
an alternative route of delivery such as transnasal delivery
may also be considered. If targeted delivery to brain paren-
chyma 1s not the goal, alternative methods for crossing the
blood-cerebrospinal fluid barrier may be considered or drugs
may be introduced directly in the cerebrospinal fluid path-
ways by lumbar puncture. Invasive procedures for bypassing,
the BBB include direct introduction in the brain by surgical
procedures. Several potentially effective therapeutic agents
for neurological disorders are available but their use 1is
limited because of insuilicient delivery across the BBB

(Jain, K., (2012) Nanomedicine. 7(8):1225-1233).

[0049] In some embodiments, an eflective amount of a
composition disclosed herein 1s administered to the subject,
and a magnetic resonance 1mage (MRI) of the subject’s
brain 1s obtained by imaging the target compound.

[0050] In some embodiments, the methods disclosed
herein can be combined with methods of imaging (e.g.
tMRI), methods of measuring electrophysiology (e.g. EEG),
or methods of behavioral assessment of brain function,
following, e.g., focal drug release.

[0051] A “fluorophore” 1s a molecule that absorbs light at
a characteristic wavelength and then re-emits the light most
typically at a characteristic different wavelength. Fluoro-
phores are well known to those of skill 1n the art and include,
but are not limited to rhodamine and rhodamine derivatives,
fluorescein and fluorescein derivatives, coumarins and
chelators with the lanthanide 1on series. A fluorophore 1s
distinguished from a chromophore which absorbs, but does
not characteristically re-emit light. “Fluorophore” refers to a
molecule that, when excited with light having a selected
wavelength, emits light of a different wavelength, which
may emit light immediately or with a delay after excitation.
Fluorophores, include, without limitation, fluorescein dyes,
e.g., S-carboxytluorescein (3-FAM), 6-carboxyfluorescein
(6-FAM), 2'.4'.1,4,-tetrachlorofluorescein (TET), 2'.4', 5.7,
1,4-hexachlorofluorescein (HEX), and 2',7'-dimethoxy-4',5'-
dichloro-6-carboxytluorescein (JOE); cyanine dyes, e.g.
Cy3, CY5, Cy5.5, etc.; dansyl denvatives; 6-carboxytetram-
cthylrhodamine (TAMRA), BODIPY fluorophores, tetrapro-
pano-6-carboxyrhodamine (ROX), ALEXA dyes, Oregon
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Green, and the like. Combinations of fluorophores also find
use, ¢.g. where transfer or release of a fluorophore leads to
a color change.

[0052] The compositions disclosed herein may comprise
contrast agents to enhance contrast in MRI or IMRI, as well
as may be used for analyte detection. The early and widely
implemented MRI contrast agents are small-molecule che-
lates that incorporate paramagnetic ions that alter T1, such
as gadolinium (Gd>*) or manganese (Mn~* or Mn>*). In
some embodiments, the contrast agent may comprise gado-
lintum (Gd). Non-limiting examples of Gd-comprising con-
trast agents are gadoterate, adodiamide, gadobenate, gado-
pentetate, gadoteridol, gadoversetamide, gadoxetate,
gadobutrol, gadoterate, gadodiamide, gadobenate, gadopen-
tetate, gadoteridol, gadofosveset, gadoversetamide, gad-
oxetate, and gadobutrol. In some embodiments, the contrast
agent comprises 1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid (DOTA). In other embodiments, the contrast
agent 1s DOTA-Gd. The contrast agent may be GANP-DO3A
(gadolintum 1 -methlyene-(p-NitroPhenol)-1,4,7,10-tet-
raazacycloDOdecane-4,7,10-triAcetate). In some embodi-
ments, the contrast agent 1s pH sensitive. For example,
1,4,7,10 tetraazacyclododecane-1.,4,7,10-tetraacetic  acid
(DOTA) may be used for pH sensing. This molecule con-
tains a p-nitrophenol on a twelve-member ring. Under basic
conditions, only one water molecule 1s mvolved 1n the
coordination, while under acidic conditions, two water mol-
ecules will coordinate to Gd. The contrast agent may be an
iron oxide, 1ron platinum, or manganese contrast agent. The
contrast agent may be protein contrast agent. The contrast
agent should be capable of providing appropriate response to
whatever MRI resolution 1s desired and whatever MRI
intensity 1s used. Additional contrast agents may be found 1n

U.S. Pat. No. 6,321,105, and U.S. Patent Publication US
2015/0202330, each of which 1s 1incorporated 1n their
entirety.

[0053] Imaging agents can include fluorescent molecules,
radioisotopes, nucleotide chromophores, chemiluminescent
moieties, magnetic particles, bioluminescent moieties, and
combinations thereof. In some embodiments, the composi-
tion further comprises a fluorescent dye. The fluorescent dye
may be a denivative of rhodamine, erythrosine or fluores-
cein. The fluorescent dye may be a xanthene derivative dye,
an azo dye, a biological stain, or a carotenoid. The xanthene
derivative dye may be a fluorene dye, a fluorone dye, or a
rhodole dye. The fluorene dye may be a pyronine dye or a
rhodamine dye. The pyronine dye may be chosen from
pyronine Y and pyronine B. The rhodamine dye may be
rhodamine B, rhodamine G and rhodamine WT. The fluo-
rone dye may be fluorescein or fluorescein derivatives. The
fluorescein derivative may be phloxine B, rose bengal, or
merbromine. The fluorescein derivative may be eosin Y,
cosin B, or erythrosine B. The azo dye may be methyl violet,
neutral red, para red, amaranth, carmoisine, allura red AC,
tartrazine, orange G, ponceau 4R, methyl red, or murexide-
ammonium purpurate. Exemplary fluorescent dyes include,
but not limited to Methylene Blue, rhodamine B, Rose
Bengal, 3-hydroxy-2, 4,5, 7-tetraiodo-6-fluorone, 3,
7-diiodo-3-butoxy-6-fluorone, erythrosin B, Fosin B, ethyl
erythrosin, Acridine Orange, 6'-acetyl-4, 35, 6, 7-tetrachloro-
2'.4', 5", 6!, T'-tetraiodotluorescein (RBAX), fluorone, cal-
cein, carboxyfluorescein, eosin, erythrosine, fluorescein,
fluorescein amidite, fluorescein 1sothiocyanate, indian yel-
low, merbromin, basic red 1, basic red 8, solvent red 43,
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rhodamine 6G, rhodamine B, rhodamine 123, sulforhod-
amine 101, sulforhodamine B, and Texas Red (sulforhod-
amine 101 acid chloride).In some embodiments, the com-
positions and methods disclosed herein may include lipid or
protein emulsifiers that improve the stability, drug loading,
and drug release eflicacy of the system.

[0054] The compositions disclosed herein may be admin-
istered through any mode of administration. In some aspects,
the compositions may be administered intracranially or 1nto
the cerebrospinal flud (CSF). In some aspects, the compo-
sitions are suitable for parenteral administration. These
compositions may be administered, for example, 1ntraperi-
toneally, intravenously, or intrathecally. In some aspects, the
compositions are injected intravenously. In some embodi-
ments, the compositions are injected into the lymphatic
system. In some embodiments, the compositions may be
administered enterally or parenterally. Compositions may be
administered subcutaneously, intravenously, intramuscu-
larly, intranasally, by inhalation, orally, sublingually, by
buccal administration, topically, transdermally, or transmu-
cosally. Compositions may be admimstered by injection. In
some embodiments, compositions are administered by sub-
cutaneous injection, orally, intranasally, by inhalation, into
the lymphatic system, or intravenously. In certain embodi-
ments, the compositions disclosed herein are administered
by subcutaneous injection.

[0055] The terms “individual,” “subject,” “host,” and
“patient,” to which administration 1s contemplated, are used
interchangeably herein; these terms typically refer to a
mammal, including, but not limited to, murines, simians,
humans, mammalian farm animals, mammalian sport ani-
mals, and mammalian pets, but can also include commer-
cially relevant birds such as chickens, ducks, geese, quail,
and/or turkeys. A mammalian subject may be human or other
primate (e.g., cynomolgus monkey, rhesus monkey), or
commercially relevant mammals such as cattle, pigs, horses,
sheep, goats, cats, and/or dogs. The subject can be a male or
female of any age group, e.g., a pediatric subject (e.g.,
infant, child, adolescent) or adult subject (e.g., young adullt,
middle-aged adult or senior adult). In some embodiments,
the subject may be murine, rodent, lagomorph, feline,
canine, porcine, ovine, bovine, equine, or primate. In some
embodiments, the subject 1s a mammal. In some embodi-
ments, the subject 1s a human. In some embodiments, the
subject may be female. In some embodiments, the subject
may be male. In some embodiments, the subject may be an
infant, child, adolescent or adult.

[0056] In some embodiments, disclosed herein 1s a method
of treating or ameliorating one or more symptoms in a model
organism that models a neurological disease or disorder
selected from Alzheimer’s Disease, epilepsy, tremors, sei-
zures, CNS cancers and tumors (gliomas, glioblastoma
multiforme (GBM), diffuse instrinsic pontine glioma
(DIPG)), pain (including neuropathic pain), and psychiatric
diseases (e.g., PTSD, anxiety disorder, depression, bipolar
disease, suicidality), wherein the polymeric perfluorocarbon
nanoemulsion composition 1s administered intravenously or
into the cerebrospinal fluid (CSF) to the subject/model
organism and an uncaging ultrasound pulse 1s delivered to
the subject at an 1ntensity suflicient to yield particle activa-
tion (e.g., 1.0 MPa, 50 ms/1 Hzx60 seconds (every second
for 60 seconds). In some embodiments, the model organism
1s a rodent. In some embodiments, the model organism 1s a
rat. In some embodiments, the uncaging ultrasound pulse 1s
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delivered to the subject at 1.5 MPa, 50 ms/1 Hzx60 seconds
(every second for 60 seconds). In some embodiments, the
uncaging ultrasound pulse 1s delivered to the subject at a
pressure between 0.8 and 1.8 MPa, and with a burst length
of 10-100 ms. It 1s to be understood that the method
disclosed herein 1s not limited to the choice of sonication
protocol or the specific focused ultrasound transducer, espe-
cially because the threshold for activation will be a function
of the sonication frequency, the choice of pertluorocarbon,
and the particle size.

[0057] In some animal model subjects, e.g., rat, a higher
frequency of ultrasound 1s used than may be used in humans.
In human subjects, a lower frequency must be used to get
through the skull. In some embodiments, disclosed herein 1s
a method of treating or ameliorating one or more symptoms
in a subject having a neurological disease or disorder
selected from Alzheimer’s Disease, epilepsy, tremors, sei-
zures, CNS cancers and tumors (gliomas, glioblastoma
multiforme (GBM), diffuse instrinsic pontine glioma
(DIPG)), pain (including neuropathic pain), and psychiatric
diseases (e.g., PTSD, anxiety disorder, depression, bipolar
disease, suicidality), wherein the polymeric perfluorocarbon
nanoemulsion composition 1s administered intravenously or
into the cerebrospinal flmd (CSF) of the subject and an
uncaging ultrasound pulse delivered to the subject 1s less
than or equal to 1 mega Hz. In some embodiments, subject
1s a human. In some embodiments, the uncaging ultrasound
pulse delivered to the subject 1s between 220 and 6350 kHz.

In some embodiments, the uncaging ultrasound pulse deliv-
ered to the subject 1s between 220 and 1000 kHz.

[0058] As used herein, the terms “treatment,” “treating,”
and the like, refer to obtaining a desired pharmacologic
and/or physiologic eflect. The effect may be prophylactic 1n
terms of completely or partially preventing a disease or
symptom thereof and/or may be therapeutic in terms of a
partial or complete cure for a disease and/or adverse effect
attributable to the disease. “Treatment,” as used herein,
covers any treatment of a disease 1n a mammal, e.g., 1n a
human, and 1ncludes: (a) preventing the disease from occur-
ring in a subject which may be predisposed to the disease but
has not yet been diagnosed as having it; (b) inhibiting the
disease, 1.e., arresting its development; and (¢) relieving the
disease, 1.e., causing regression of the disease.

[0059] A “‘therapeutically eflective amount” or “eflica-
cious amount” means the amount of a compound that, when
administered to a mammal or other subject for treating a
disease, 1s suflicient to effect such treatment for the disease.
The “therapeutically effective amount” will vary depending
on the compound, the disease and 1ts severity and the age,
weight, etc., of the subject to be treated.

[0060] The term “unit dosage form,” as used herein, refers
to physically discrete units suitable as unitary dosages for
human and animal subjects, each unit containing a prede-
termined quantity of compounds/therapeutic agents of the
present disclosure calculated in an amount suflicient to
produce the desired eflect 1n association with a pharmaceu-
tically acceptable diluent, carrier or vehicle.

[0061] As used herein, the phrase “pharmaceutically
acceptable carrier” refers to a carrier medium that does not
interfere with the eflectiveness of the biological activity of
the active mgredient. Such a carrier medium 1s essentially
chemically inert and nontoxic.

[0062] As used herein, the phrase “pharmaceutically
acceptable” means approved by a regulatory agency of the
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Federal government or a state government, or listed in the
U.S. Pharmacopeia or other generally recognized pharma-

copeila for use 1n animals, and more particularly for use 1n
humans.

[0063] As used herein, the term “‘carrier” refers to a
diluent, adjuvant, excipient, or vehicle with which the thera-
peutic 1s administered. Such carriers can be sterile liquids,
such as saline solutions 1n water, or oils, including those of
petroleum, amimal, vegetable or synthetic origin, such as
peanut o1l, soybean oil, mineral o1l, sesame o1l and the like.
A saline solution 1s a preferred carrier when the pharma-
ceutical composition 1s administered intravenously or into
the cerebrospinal fluid (CSF). Saline solutions and aqueous
dextrose and glycerol solutions can also be employed as
liquid carriers, particularly for injectable solutions. Suitable
pharmaceutical excipients include starch, glucose, lactose,
sucrose, gelatin, malt, rice, flour, chalk, silica gel, sodium
stearate, glycerol monostearate, talc, sodium chlornide, dried
skim milk, glycerol, propylene, glycol, water, ethanol and
the like. The carrier, if desired, can also contain minor
amounts of wetting or emulsifying agents, or pH bullering
agents. These pharmaceutical compositions can take the
form of solutions, suspensions, emulsion, tablets, pills,
capsules, powders, sustained-release formulations and the
like. The composition can be formulated as a suppository,
with traditional binders and carriers such as triglycerides.
Examples of suitable pharmaceutical carriers are described
in Remington’s Pharmaceutical Sciences by E. W. Martin.
Examples of suitable pharmaceutical carriers are a variety of
cationic polyamines and lipids, including, but not limited to
N-(1(2,3-dioleyloxy )propyl)-N,N,N-trimethylammonium
chloride (DOTMA) and diolesylphosphotidylethanolamine
(DOPE). Liposomes are suitable carriers for gene therapy
uses of the present disclosure. Such pharmaceutical compo-
sitions should contain a therapeutically effective amount of
the compound, together with a suitable amount of carrier so
as to provide the form for proper administration to the
subject. The formulation should suit the mode of adminis-
tration.

[0064] The terms “polypeptide,” “peptide,” and “protein”,
used interchangeably herein, refer to a polymeric form of
amino acids of any length, which can include genetically
coded and non-genetically coded amino acids, chemically or
biochemically modified or derivatized amino acids, and
polypeptides having modified peptide backbones. The term
includes fusion proteins, including, but not limited to, fusion
proteins with a heterologous amino acid sequence, fusions
with heterologous and homologous leader sequences, with
or without N-terminal methionine residues; immunologi-
cally tagged proteins; and the like.

[0065] The terms “nucleic acid” and “polynucleotide’ are
used interchangeably herein, and refer to a polymeric form
ol nucleotides of any length, either deoxyribonucleotides or
ribonucleotides, or analogs thereof. Non-limiting examples
of nucleic ac1ds and polynucleotides include linear and
circular nucleic acids, messenger RNA (mRNA), cDNA,
recombinant polynucleotldes vectors, probes, primers,

single-, double-, or multi-stranded DNA or RNA, genomic
DNA, DNA-RNA hybrids, chemically or biochemically

modified, non-natural, or derivatized nucleotide bases, oli-
gonucleotides containing modified or non-natural nucleotide

bases (e.g., locked-nucleic acids (LNA) oligonucleotides),
and interfering RNAs.

- 1
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[0066] A polynucleotide or polypeptide has a certain per-
cent “sequence 1dentity” to another polynucleotide or poly-
peptide, meaning that, when aligned, that percentage of
bases or amino acids are the same, and 1n the same relative
position, when comparing the two sequences. Sequence
similarity can be determined 1n a number of different man-
ners. To determine sequence identity, sequences can be
aligned using the methods and computer programs, includ-
ing BLAST, available over the world wide web at ncbi(dot)
nlm(dot)nih(dot)gov/BLAST. See, e.g., Altschul et al.
(1990), J. Mol. Biol. 215:403-10. Another alignment algo-
rithm 1s FASTA, available in the Genetics Computing Group
(GCG) package, from Madison, Wis., USA, a wholly owned
subsidiary of Oxiord Molecular Group, Inc. Other tech-
niques for alignment are described in Methods in Enzymol-
ogy, vol. 266: Computer Methods for Macromolecular
Sequence Analysis (1996), ed. Doolittle, Academic Press,
Inc., a division of Harcourt Brace & Co., San Diego, Calif.,
USA. Of particular interest are alignment programs that
permit gaps 1n the sequence. The Smith-Waterman 1s one
type of algorithm that permits gaps 1n sequence alignments.
See Meth. Mol. Biol. 70: 173-187 (1997). Also, the GAP
program using the Needleman and Wunsch alignment

method can be utilized to align sequences. See J. Mol. Biol.
48: 443-453 (1970).

[0067] The terms “double stranded RNA,” “dsRNA,”
“partial-length dsRNA.,” “full-length dsRNA,” “synthetic
dsRNA,” “in vitro produced dsRNA,” “in vivo produced
dsRNA,” “bacterially produced dsRNA,” *“isolated
clsRNA,” and “purified dsRNA™ as used herein refer to
nucleic acid molecules capable of being processed to pro-
duce a smaller nucleic acid, e.g., a short interfering RNA
(siRNA), capable of inhibiting or down regulating gene
expression, for example by mediating RNA interference
“RNA1” or gene silencing 1in a sequence-speciiic manner.
Design of a dsRNA or a construct comprising a dsRNA

targeted to a gene of interest 1s routine 1n the art, see e.g.,
Timmons et al. (2001) Gene, 263:103-112; Newmark et al.

(2003) Proc Natl Acad Sci USA, 100 Supp 1:11861-5;
Reddien et al. (2005) Developmental Cell, 8:635-649;
Chuang & Meyerowitz (2000) Proc Natl Acad Sci USA,
97:4985-90; Piccin et al. (2001) Nucleic Acid Res, 29:E55-5;
Kondo et al. (2006) Genes Genet Syst, 81:129-34; and Lu et
al. (2009) FEBS J, 276:3110-23; the disclosures of which are
incorporated herein by reference.

[0068] The terms “‘short interfering RNA™, “siRNA”, and
“short interfering nucleic acid” are used interchangeably
may refer to short hairpin RNA (shRNA), short interfering
oligonucleotide, short interfering nucleic acid, short inter-
fering modified oligonucleotide, chemically-modified
siRNA, post-transcriptional gene  silencing RNA
(ptgsRNA), and other short oligonucleotides useful 1n medi-
ating an RN A1 response. In some instances siRNA may be
encoded from DNA comprising a siRNA sequence in vitro
or 1mn vivo as described herein. When a particular siRNA 1s
described herein, 1t will be clear to the ordinary skilled
artisan as to where and when a different but equivalently
ellective interfering nucleic acid may be substituted, e.g., the

substation of a short interfering oligonucleotide for a
described shRNA and the like.

[0069] “‘Complementary,” as used herein, refers to the
capacity for precise pairing between two nucleotides of a
polynucleotide (e.g., an antisense polynucleotide) and 1its
corresponding target polynucleotide. For example, 1f a
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nucleotide at a particular position of a polynucleotide 1s
capable of hydrogen bonding with a nucleotide at a particu-
lar position of a target nucleic acid, then the position of
hydrogen bonding between the polynucleotide and the target
polynucleotide 1s considered to be a complementary posi-
tion. The polynucleotide and the target polynucleotide are
complementary to each other when a suflicient number of
complementary positions in each molecule are occupied by
nucleotides that can hydrogen bond with each other. Thus,
“specifically hybridizable” and “complementary” are terms
which are used to indicate a suflicient degree of precise
pairing or complementarity over a suilicient number of
nucleotides such that stable and specific binding occurs
between the polynucleotide and a target polynucleotide.
[0070] It 1s understood in the art that the sequence of
polynucleotide need not be 100% complementary to that of
its target nucleic acid to be specifically hybridizable or
hybridizable. Moreover, a polynucleotide may hybridize
over one or more segments such that intervening or adjacent
segments are not involved 1n the hybridization event (e.g., a
loop structure or hairpin structure). A polynucleotide can
comprise at least 70%, at least 80%, at least 90%, at least
95%, at least 99%, or 100% sequence complementarity to a
target region within the target nucleic acid sequence to
which they are targeted. For example, an antisense nucleic
acid 1 which 18 of 20 nucleotides of the antisense com-
pound are complementary to a target region, and would
therefore specifically hybrnidize, would represent 90 percent
complementarity. In this example, the remaining non-
complementary nucleotides may be clustered or interspersed
with complementary nucleotides and need not be contiguous
to each other or to complementary nucleotides. As such, an
antisense polynucleotide which 1s 18 nucleotides 1n length
having 4 (four) noncomplementary nucleotides which are
flanked by two regions of complete complementarity with
the target nucleic acid would have 77.8% overall comple-
mentarity with the target nucleic acid. Percent complemen-
tarity of an oligomeric compound with a region of a target
nucleic acid can be determined routinely using BLAST
programs (basic local alignment search tools) and Power-
BLAST programs known 1n the art (Altschul et al., J. Mol.
Biol, 1990, 215, 403-410; Zhang and Madden, Genome Res,
1997, 7, 649-656) or by using the Gap program (Wisconsin
Sequence Analysis Package, Version 8 for Unix, Genetics
Computer Group, Umversity Research Park, Madison Wis.),
using default settings, which uses the algorithm of Smith and
Waterman (Adv. Appl. Math, 1981, 2, 482-489).

[0071] The patents, patent applications and publications
discussed herein are provided solely for their disclosure
prior to the filing date of the present application, and are
incorporated by reference herein in their entirety. Nothing
disclosed herein 1s to be construed as an admission that the
present disclosure 1s not entitled to antedate such publication
by virtue of prior invention. Further, the dates of publication
provided may be diflerent from the actual publication dates
which may need to be independently confirmed.

EXAMPLES

[0072] The following examples are set forth to provide
those of ordinary skill 1n the art with a complete disclosure
and description of how to make and use the present com-
positions and methods, and are not intended to limit the
scope of what the mnventors regard as their invention nor are
the examples itended to represent that the experiments
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below are all or the only experiments performed. Efforts
have been made to ensure accuracy with respect to numbers
used (e.g. amounts, temperature, etc.) but some experimen-
tal errors and deviations should be accounted for. Unless
indicated otherwise, parts are parts by weight, molecular
weight 1s weight average molecular weight, temperature 1s
in degrees Centigrade, and pressure 1s at or near atmo-
spheric. Standard abbreviations may be used, (e.g., “bp”
refers to base pair(s); “kb” refers to kilobase(s); “ml” refers
to malliliter(s); s or “sec” refers to second(s); “min” refers
to minute(s); “h” or “hr” refers to hour(s); “aa” refers to
amino acid(s); “nt” refers to nucleotide(s); “1.v.” or “IV”
refers to 1ntravascular(ly); and the like.

Example 1

[0073] As the glymphatic system 1s driven by convective
pressures induced by arterial pulsation, and since ultrasound
1s a high-frequency wave of pressure oscillations in the
medium, we hypothesized that ultrasound application could
upregulate glymphatic transport and that this could be used
to increase the brain parenchymal penetration of intrathe-
cally administered agents. Indeed, several groups have
shown that the bioeflect produced by ultrasound may vield
increased 1nterstitial convection of agents in a localized
brain region using low pressure combined with an exog-
enous vesicle (microbubble) and relatively high pressure
without these vesicles. However, 1t has remained an open
question of whether a brain-wide application of low-1nten-
sity ultrasound may indeed increase the cisternal CSF-
interstitial transport that 1s the hallmark of the glymphatic
pathway.

[0074] Here, we demonstrate that we may indeed use
noninvasive transcranmial low-intensity ultrasound to
increase the parenchymal penetration of intrathecally
administered small and large molecular agents.

Results

[0075] Given the known eflects of anesthesia and sleep on
glymphatic transport, titration of 1sotlurane anesthetic dose
and environmental heating was used with cardiorespiratory
monitoring to ensure physiologic stability during the up to 4
hours of each experiment and intervention, with respiratory
rates maintained in the range of 50-60 breaths per minute,
heart rates of approximately 300-370 beats per minute, O,
saturation of approximately 98-100%, and body temperature
01 36.5-37.5° C. A scanning ultrasound protocol was chosen
to treat the whole rat brain with transcranial focused ultra-
sound of an 1ntensity below FDA-approved limits for diag-
nostic ultrasound (0.25 mechanical index, M1, 1n situ, 7.7%
local duty cycle, for a total of 10 min.; FIG. 1). This intensity
ol ultrasound was chosen as 1t 1s less than or similar to the
intensities used 1n routine diagnostic ultrasound 1imaging of
adult and neonatal human patient brains, and 1s readily
achievable with ultrasound systems designed for diagnostic
or therapeutic transcranial ultrasound applications in the
adult human brain. Notably, the total temperature rise in the
sonicated zone due to this level of ultrasound exposures 1s
estimated to be <0.01° C.

[0076] Transcramal ultrasound noninvasively accelerates
Qlymphatic transport of a 1 kDa tracer. A gadolinium
(Gd)-chelate MRI contrast agent was injected intrathecally
into the cisterna magna, to label the CSF, thereby enabling
MRI wvisualization of glymphatic CSF transport from the
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basal cisterns into the brain parenchyma. 3D Tlw MRI
images revealed that perivascular mflux of CSF into the
brain 1s observed 1nitially 12 min after intrathecal adminis-
tration ol the ~1 kDa Gd-chelate. Dynamic quantitative
T1-mapping MRI 1maged the time-dependent CSF influx,
parenchymal uptake, and clearance of the Gd-chelate (FIG.
2B). Without further intervention, the ~1 kDa Gd-chelate
enters the brain from the cisterns with a peak brain concen-
tration at approximately 35 min and then it clears from the
brain interstitial compartment within 3 h from 1njection
(FIG. 2B). With a low-intensity transcranial scanning ultra-
sound treatment, a more diffuse pattern of Gd-chelate brain
distribution was observed. The peak parenchymal uptake
with ultrasound was increased by 72-101% with a relatively
delayed peak of 105 min from injection, and with increased
residual tracer in the brain at 3 h post-injection (FIG. 2).
Notably, the contrast agent entered the brain preferentially
near sites of arterial intlux into the brain (FIG. 1B, leit; FIG.
2), 1n keeping with known patterns of glymphatic entry into
the braimn. We noted a statistically significant difference of
brain parenchymal tracer uptake 1n these trends between the
ultrasound and sham conditions at 35, 70, and 105 min
following tracer administration.

[0077] Ultrasound noninvasively increases glymphatic
transport of both small and large agents. During Gd-chelate
injection, we co-administered an infrared-fluorescent dye
(~1 kDa, IRDye8000W) 1n free form or the therapeutic
antibody panitumumab (~150 kDa, 1n active clinical use for
EGFR-targeted therapy) conjugated with the same dye to
turther model the delivery of both small and large therapeu-
tic agents and to be able to validate the MRI findings with
an optical imaging modality. Glymphatic upregulation with
this ultrasound protocol was confirmed as before using MRI
visualization of the Gd-chelate. Animals were sacrificed two
hours after agent administration (at peak parenchymal
uptake as noted 1n the mitial experiments, FIG. 2D). Histo-
logic infrared fluorescent microscopy verified that both the
small and large optical tracers indeed penetrated to a greater

degree into the brain with this brief, 10 min noninvasive
ultrasound therapy (FIG. 3).

[0078] Ultrasonic glymphatic induction 1s safe. To evalu-
ate the safety of this approach, high-field 7T MRI and
histologic evaluation were utilized in both the acute and
delayed settings, up to 72 h following ultrasound interven-
tion. No evidence of microhemorrhage or edema was noted
using T2*w MRI either within hours of intervention (FIG. 4)
or up to 72 h following intervention (FIG. 6). Notably, no
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prolonged Gd-chelate deposition was seen 1n the brain up to
72 h, the time by which the CSF i1s known to be fully

replaced (FIG. 6). High-field histological evaluation (FIG.
4C-E) confirmed the lack of brain parenchymal damage with
this intervention. Importantly, the total temperature change
in the sonicated zone with this ultrasound protocol (0.25 MI
in situ, 7.7% local duty cycle for 10 min) 1s estimated to be
<0.01° C. based on the bio-heat transfer equation (Nyborg
1988; Haar and Coussios 2007). Further, this 1n situ intensity
of ultrasound 1s similar to that used commonly for diagnostic
brain 1maging in both adult and neonatal human populations,
and 1s well below FDA guidelines for ultrasound application
in human tissue. Therefore, this level of safety with this
approach 1s expected.

[0079] We have demonstrated that low-intensity noninva-
sive transcranial ultrasound upregulates the glymphatic
pathway to improve the eflicacy of intrathecal drug delivery.
With MRI, we observed that ultrasound safely accelerates
the transport of a ~1 kDa MRI tracer from the CSF into the
interstitial space before 1t clears from the brain (FI1G. 1, 2, 5,
Table 1) with a clearance timeline (3 h) consistent with the
known pharmacokinetics of intrathecally administered
agents. Using optical tracers, we validated the MRI findings
using a ~1 kDa optical tracer that has a similar molecular
weight as the MRI tracer (FIG. 3) and which models the
distribution of small molecule drugs that are commonly
intrathecally administered, like methotrexate. Further, we
used the same optical probe conjugated to a ~150 kDa
therapeutic antibody panitumumab and saw similar
increases of brain parenchymal uptake of this larger thera-
peutic agent. Importantly, we saw no evidence of brain
parenchymal damage with this approach (FIG. 4, 6).
[0080] Overall, our results suggest that low-1ntensity non-
invasive transcranial ultrasound may be used to increase the
whole-brain delivery of a vanety of small or large thera-
peutic agents, following the same 1ntrathecal administration
that 1s used routinely i1n clinics worldwide to administer
therapeutic agents into the CSF. Further, this method pro-
vides a means to directly upregulate glymphatic transport,
which could be used for causative evaluation of the role of
the glymphatic system 1n the variety of physiological and
disease processes to which the glymphatic system has been
correlated. Given the low intensity of ultrasound necessary
for these results, at levels readily achievable with currently-
utilized clinical transcranial ultrasound systems, and the lack
of need for non-therapeutic exogenous agents for this ellect,
there 1s a ready path for clinical translation of a therapy
based on these results.

TABLE 1

MRI protocol used for the experiments. MRI protocol used for each

experiment on a Bruker 7T MRI with an IGT single channel transmit/receive coil.

Name Type TE (ms)
Localizer 3 Plane 2.50
FLASH- Coronal 3.53

T1-3D

T2*map- Coronal 3.50, 8.5, 13.5, 18.5,

MGE 23.5, 28.5, 33.5,
38.5, 43.5, 48.5

Scan Image
FOV ST Time Resolution
TR (ms) FA (mm) (mm) (min) (mm)
26.07 30 80 x 80 1 0.06 0.313 x 0.313
50.00 20 60 x40 x 15 0.3 6.37 0.313 x 0.267 x 0.313
796.76 50 60 x 40 1 4.44 0.234 x 0.156
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MRI protocol used for the experiments. MRI protocol used for each
experiment on a Bruker 7T MRI with an IGGT single channel transmit/receive coil.

FOV

Name Type TE (ms) TR (ms) FA (mm)
T1-map Coronal 7.00 300, 600, 1000, 35 x 31
RARE 1500, 2000, 3000

300, 600, 1000,

1500, 2000, 4000

300, 600, 1000,

1580, 2000, 6000
TE: Echo Time;
TR: Repetition Time;
FA: Flip Angle;

FOV: Field of View;

5T Slice Thickness;

RARE: Rapid Acquisition with Relaxation Enhancement;
FLASH.: Fast Low Angle Shot;

MGE: Multiple Gradient Echoes

Methods and Materials

[0081] Animals. The Institutional Animal Care and Use
Committees of Stanford University approved all animal
experiments. Tests were performed 1n 42 male Long-Evans
rats with bodyweight 300-350 gm (Charles River Labora-
tories, Wilmington, Mass., USA). Animals were randomly
assigned to one of two groups: (1) no treatment (Sham), and
(2) treatment (Ultrasound). Ultrasound (0.25 MI in situ,
7.7% duty cycle for 10 min) or sham was applied transcra-
nially throughout the brain (FIG. 1A). Before each proce-
dure, the fur on the neck was shaved and a cisterna magna
injection of a gadolintum (Gd) chelate (Multihance, Bracco
Diagnostics, NI, USA) was performed while the animal was
anesthetized under 1soflurane. The body temperature, car-
diac and respiratory rates, and O, saturation were monitored
throughout the experiment and the 1soflurane level was
titrated to keep these parameters constant; environmental
heating was used to help maintain body temperature. Local-
izer, FLASH-T1-3D, T1-mapping, and T2*-weighted MR
images were taken to visualize glymphatic transport across
the brain, to quantiy Gd-chelate kinetic parameters, and to
evaluate for parenchymal damage. In separate cohorts, either
of two different sized optical tracers, a small molecule
(IRBOOCW Carboxylate, LICOR, Lincoln, Nebr., USA; ~1
kDa) or a large molecule (Panitumumab-IRDye800: ~150
kDa, 5 nM, produced under GMP at the Leidos Biomedical
Research Center, Frederick, Md., USA) (39) were co-deliv-
ered with the Gd-chelate to model the delivery of similar-
s1zed therapeutic agents.

[0082] Intrathecal Cisterna Magna Injection For anesthe-
s1a, the amimals were induced with 5% i1soflurane 1n oxygen
using an induction chamber and then switched to a mainte-
nance dose of 2%. The animal was positioned 1n a stereo-
taxic frame (Stoelting, Wood Dale, 111., USA), immobilized
with ear bars, and then the head flexed to 45 degrees. A
2'7-gauge catheter (Buttertly Needle, SAI Infusion Technol-
ogy, Lake Villa, Ill., USA) was inserted in the cisterna
magna to mject up to 80 ul of tracers (Gd-chelate: Multi-
Hance, gadobenate dimeglumine; Bracco Diagnostics Inc,
NI, USA; 0.21 ml/kg) slowly over 30 seconds. To model the
delivery of similar-sized therapeutic agents, two different
sized molecules, free dye (IRDyeS800CW Carboxylate,
LICOR, Lincoln, Nebr., USA; ~1 kDa; 36 nmol/kg) and IR

Scan Image
ST Time Resolution
(mm) (min) (mm)
1 8 0.273 x 0.242
18
25

dye-conjugated antibody (Panitumumab-IRDye800: ~150
kDa; 0.133 mg/kg) were co-delivered with the Gd-chelate.

The respiratory rate (435-50 breaths per minute), and normal
body temperature (36.5-37.5° C.) were maintained through-
out the experiment through titration of isoflurane dose and
with environmental heating.

[0083] Magnetic Resonance Imaging Protocol. Magnetic
Resonance Imaging (MRI) (an actively-shielded Bruker 7T
horizontal bore scanner (Bruker Corp, Billerica Mass.), with

International Electric Co. (IECO) gradient drivers, a 120
mm ID shielded gradient insert (600 mT/m, 1000 T/m/s),

AVANCE III electronics; 8-channel multi-coil RF and mul-
tinuclear capabilities and volume RF coils; and the support-
ing Paravision 6.0.1 platform) was used to visualize glym-
phatic transport of Gd-chelate into the brain and to make
quantitative T1-maps. The facility provides 1soflurane anes-
thesia in medical-grade oxygen, and physiological monitor-
ing of the subject including ECG, pulse oximetry, respira-
tion, and temperature feedback for core body temperature
maintenance by warm airflow over the animal. Following
cisterna magna contrast agent injection, an MRI compatible
amimal FUS system (Image Guided Therapy—IGT, Pessac,
France) was used 1n all experiments. Animals were placed 1n
a prone position in a plastic stereotactic frame that has a
single channel radiofrequency transmit-receive head coil
(IGT) which 1s coupled to the FUS system. Animals were
immobilized 1n the frame with ear bars and a bite bar.
Nomnvasive, MRI-compatible monitors for the respiratory
rate and body temperature were used during the 1maging
session. Following localizer anatomical scout scans, a 3D
T1-weighted (T1w) fast low angle shot (FLASH) sequence
was acquired in the coronal plane with a repetition time
(TR)=50 ms, echo time (TE)=3.353 ms, {lip angle (FA)=20°,
number of acquisition (NA)=1, field of view (FOV)=60x
40x15 mm, slice thickness (ST)=0.3 mm, total scanning
time=6 min 37 s, acquisition matrix size of 256x128x128
interpolated to 256x256x2356, yielding an image resolution
of 0.313x00.267x0.313 mm. A standard T1-map rapid
acquisition with relaxation enhancement (RARE) with
TE=7 ms, TR=300, 600, 1000, 1500, 2000, or 3000 ms,
FOA=35x31 mm, ST=1 mm, scan time=8 min 38 s, image
resolution=0.273x0.242 mm was acquired 1n a coronal plane
to quantity Gd-diffusion within the brain parenchyma.
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Before setting up that standard T1-map sequence in the
study, two more T1-map sequences were taken by replacing
the last inversion time, 3000 ms by two different longer
times, 4000 ms and 6000 ms to compare how T1-values
changes between with cisternal injection of Gd (Table 1).
Longer sequences did not make a significant change 1n
T1-values at a constant volume so the standard sequence
with last TR=3000 ms was used throughout the study (FIG.
5). T2* map-multiple gradient echo (MGE) weighted
(12*w) 1imaging with TR=796.76 ms at different time TE=3.
50, 8.5, 13.5, 18.5, 23.5, 28.5, 33.5, 38.5, 43.5, 48.5 ms,
FA=50°, FOV=60x40 mm, ST=1 mm, scan time=4 min 44
sec with 1mage resolution=0.234x0.156 mm was used to
image whether petechiae, which can result from excessive
FUS exposures, occurred (FIG. 4). The scanning protocol
consisted of the localizer, baseline, and post-FUS scans of
3D T1-FLASH, T1-map, and T2*w followed by intrathecal
administration of Gd-chelate (MultiHance, gadobenate
dimeglumine; Bracco Diagnostics Inc, NJ USA; 0.21 ml/kg)
and/or co-delivery of Gd-chelate with optical tracers (Table
1). A total of 80 ul of the solution was delivered intrathecally
using a 27-gauge butterfly catheter (SAI Infusion Technol-
ogy) within a minute and the first baseline MRI acquisitions
were 1maged 12 min after the injection. FUS treatment was
applied at 23 min aifter the intrathecal 1injection. All of the
MRI acquisitions continued over either 2, 4, or 72 hours.

[0084] TI1-mapping. In the first set of the experiment
(N=26), 3D-T1w and T1-mapping MR 1mages were taken to
visualize CSF-ISF exchange of Gd-chelate into the brain and
to quantify Gd-chelate kinetic parameters. The experimental
timeline 1s shown 1n FIG. 2A and FIG. 5, 6. For quantitative
measurements T1-map RARE protocol was set based on a
RARE-sequence with one echo 1mage, RARE factor=two
and six T1 experiments. Each experiment has a different TR
producing one 1mage. By default, a T1-map 1s generated
automatically for a single slice. Typical values for T1 of the
rat brain can be found 1n previous publications. To achieve
enough signal to noise ratio within a particular part of the
organ, 1t 1s recommended to acquire several 1images so that
they cover a time up to five times the T1 (79-83). To ensure
agreement of T1-values with the literature, we {first opti-
mized the T1-mapping sequences within the hippocampal
region of the brain at different spin-lattice relaxation time as
shown 1n Table 1. Since T1-values at constant volume of the
rat brain were not atfected by different spin-lattice relaxation
time, we decided to use a TR=3000 ms, 8 min scan time for
turther studies. A post-processing macro Fitinlsa which was
implemented on the 7T Bruker Scanner to automatically
start the T1 parameters map calculation to extract quantita-
tive measurements of T1-mapping.

Analysis

[0085] T1 was calculated from the Image Sequence Analy-
s1s (ISA) functiont]sat:

Y =A+ Cx[l — exp(—%)]

The parameters are defined 1n the following way:
A—absolute bias,

C—signal 1ntensity,

T1—spin-lattice relaxation time.
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[0086] This function supplied by Bruker uses a repetition
time list calculated from the protocol parameters to generate
the T1 relaxation curve. The fit 1s based on the magmtude
image ol the reconstructed dataset. OsiriX 10.0.5 was used
to calculate the Gd-enhanced brain volume over time after

cisternal (Gd-chelate 1njection using the T1-mapping
sequences.
[0087] Focused Ultrasound System. For good acoustic

coupling of the FUS beam and for getting access to the
cisterna magna for intrathecal 1njection, the dorsal scalp fur
in the sonication trajectory plus up to 3 cm towards neck was
removed using standard hair removal cream. After the
cisternal 1njection, animals were placed 1n a plastic ste-
reotactic frame that i1s coupled to an MR compatible FUS
system (Image Guided Therapy—IGT, Pessac, France), and
immobilized with ear bars and a bite bar. A thin layer of
ultrasound gel was applied to pair the water-filled coupling
membrane of the FUS transducer to the skin of the head.
Once the anesthetized animal was secured in the holder and
the transducer was placed over 1ts head, approximately at the
center of the brain, the assembly was inserted in the bore of
the MRI scanner. The sonication trajectory was selected
using the remote positioming capabilities of the transducer in
all three axes. Stereotactic coordinates for sonication are
shown 1 FIG. 1B, right. Briefly, an 8x10 mm black-dotted
rectangle centered on the brain 1s selected with corners
starting from 4 mm lateral at the bregma region (4,0) and
move 8 mm to left at (-4,0) then 10 mm posterior at (-4,
—10) and then move 8 mm to the right at (4, —10) as indicated
in FIG. 1B. Ultrasound was held on continuously while the
transducer slowly moved around the FUS trajectory for 10
min. Total time to complete one trajectory loop: 24 sec, with
a 50 ms pause time between each loop, with 25 total loops
for each rat. For sham procedures, the same positioning and
trajectory was chosen but the power to the ultrasound
transducer was disconnected. FUS (0.25 MI 1n situ, ~ 7.7%
duty cycle for 10 min) or sham was applied transcranially
throughout the brain. The orange rectangle represents the
expected ultrasound exposure zone based on the ultrasound
transducer’s focal spot size (2.78x12 mm) that covers a
significant part of the rat brain. To account for skull attenu-
ation, a 30% pressure sertion loss was assumed for this
s1ze and age of rats. The expected volume coverage region
in rat brain by a single sonication using this particular
transducer can be envisioned based on our previous paper

(FIG. 5).

[0088] Fluorescence Imaging. In the second set of experi-

ments (N=13), two different sized molecules, free dye
(IRDye8000W: 1 kDa) and IR dye-conjugated antibody

(Panitumumab-IRDye800: 150 kDa) were co-delivered with
(d-chelate to model the delivery of similar-sized therapeutic
agents. The experimental timeline can be found 1n FIG. 3A.
Briefly, dyes were diluted with Gd-chelate and injected
intrathecally at O min. A 3D T1w 1mage was used to confirm
the cisternal 1injection and FUS (0.25 MI 1n situ, 2% duty
cycle for 10 min) or sham was applied transracially through-
out the brain. About 2 hours after the intrathecal delivery,
animals were euthanized with an overdose of euthasol. Then
the rat brain was tlash frozen 1n dry ice with 2-methylbutane
(Fisher, Pittsburgh, Pa.). For tissue sectioming, the frozen rat
brain was mounted with a mimmal amount of optimal
cutting medium (OCT) compound and sectioned at a 20 um
thickness using a cryostat (LEICA CM 1950, Buflalo Grove,
[11., USA)). Every 10” section (200 um apart) was saved for
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optical imaging. The specimen temperature was set at —19°
C. and the chamber temperature at —20° C. Tissue sections
were thaw-mounted on microscope glass slides (Fisher,
Pittsburgh, Pa.), fixed the tissue-slides using 4% paratorm-
aldehyde, and applied DAPI for fluorescence imaging. All
fluorescence 1mages were collected 1n a near-infrared fluo-
rescence 1mager (Ex/Em: 785/820 nm, Pearl Trilogy Imag-

ing System, LI-COR) with 85 um resolution and processed
with Image Studio (version 3.2, LI-COR).

[0089] Hematoxylin and FEosin Staining Histology. In the
third set of the experiment (N=3), T2*w 1mages, as well as
hematoxylin and eosin (H & E) staining, were used to
evaluate for parenchymal damage. The experimental time-
line 1s shown 1n FIG. 4A. Two hours after the Gd-chelate
injection, animals were sacrificed and the brain fixed via
transcardial perfusion (0.9% NaCl, 100 mL; 10% buflered
formalin phosphate, 250 mL). The brain was then removed,
embedded 1n paraflin, and serially sectioned at 5 um 1n the
axial plane (perpendicular to the direction of ultrasound
beam propagation). Every 507 section (250 um apart) was
stained with H&E.

[0090] Quantification and Statistical Analysis. All MR-
images were analyzed 1n OsiriX (version 10.0.5). An axial
plane of T1-mapp sequence with 5/1700 as a lower/upper
threshold was used for manual ROI segmentation to calcu-
late the volume of brain parenchymal penetration of the
gadolimum tracer. All IRDye 1mages were analyzed in
Image Studio (version 5.2, LI-COR). Four-five slices were
included from each animal to the analysis. Signals above the
background was used for manual ROI segmentation to
calculate the area of brain parenchyma penetration of the
dye. All the data that were generated from the imaging
soltware were plotted using Microsoit Excel (version 16.16.
22). All values were presented as meanzstandard deviation.
Statistical analyses were performed with Microsoit Excel
(version 16.16.22) and JMP (version 13.2.1). Two-tailed
paired Student’s t-test was used to compare the gadolinium-
enhanced volume and IRDye-enhanced area between soni-
cated and non-sonicated (Sham) groups. One-way ANOVA
with post-hoc Tukey-Kramer tests were used to compare
gadolinmum-enhanced volume at different time points (12
min, 35 min, 70 min, 105 min, 180 min, 240 min) within the
same group, either Ultrasound or Sham. P-values<0.05 were
considered statically significant.

[0091] T1-mapping. As mentioned 1n the methods, we first
optimized the T1-mapping sequences using the values mea-
sured of the hippocampal region of the brain with different
spin-lattice relaxation times. We found T1-values across a

constant volume (0.33 cm’) within the hippocampal region
of the rat brain to be 1235657, 1299+502, and 1298+618

with the longest TR=3000, 4000, and 6000 ms respectively
(Table 1). These T1-values are similar to T1-values that are
published already 1n the literature for this particular mag-
netic strength, 7T (1-3), and are relatively similar to each
other (FIG. 5). To minimize MRI scan time, we decided to
use the protocol with 8 min total scan time and TR=3000 ms
for the rest of these studies. As observed in the plot in FIG.
2D, the mean gadolinium-enhanced volume in the sham
cohort was 0.17x0.084, 0.25x0.15, 0.22+0.1, 0.23+0.11,
0.11+x0.12 and 0.06+0.04 and 1n the Ultrasound cohort was
0.18+0.07, 0.43+£0.16, 0.44+0.17, 0.45+0.25, 0.18+0.24 and
0.17+£0.24 at 12 min, 35 min, 70 min, 105 min, 180 min and

240 min respectively.
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[0092] Ultrasonic glymphatic induction 1s safe. The pen-
etration of the MRI tracer into the brain and the presence or
lack of petechiae were confirmed using contrast-enhanced
T1lw and T2*w MRI, respectively (FIGS. 4B and S2). FIG.
S2A shows the parenchymal uptake of Gd-chelate repre-
sented by a pseudo-color Tlw MR image. The long-term
ellects of the ultrasound intervention would show on T2*w
MR 1mages for up to 72 hours. We observed 1n the Tlw
images 1n FIG. 2B that the Gd-chelate cleared from the
CSF-ISF spaces by 3 hours. Here, we further confirmed that
there was no any evidence of Gd deposition (FIG. S-2A) n
24-72 hours. T2*w revealed that there was no long-term
adverse eflect such as edema or hemorrhage after the brain-
wide ultrasound exposure with 0.25 MI 1n situ, ~7.7% duty
cycle for 10 min (FIG. S-2B). By using the Gd-chelate
clearance pattern from the prior experiments, we designed a
second set of experimental safety evaluations where we
monitored amimals 1n the MRI up to 2 hours and proceed to
ex vivo histological evaluation.
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What 1s claimed 1s:

1. A method of increasing brain penetration of an intrath-
ecally administered agent, the method comprising:

intrathecally adminmistering an agent to a subject; and

applying transcranial ultrasound to the subject to modu-
late the glymphatic pathway to promote brain penetra-
tion of the intrathecally administered agent.

2. The method of claim 1, wherein the method comprises
applying transcranial ultrasound across the whole brain of
the subject.

3. The method of claim 1, wherein the transcranial ultra-
sound has a frequency ranging from 600 kHz to 700 kHz.

4. The method of claim 1, wherein the transcranial ultra-
sound has an intensity ranging from 10 mW/cm® to 450

mW/cm?.

5. The method of claim 1, wherein the transcranial ultra-
sound has a mechanical index ranging from 0.2 to 0.3.

6. The method of claim 1, wherein the transcranial ultra-
sound comprises transcranial focused ultrasound.

7. The method of claim 1, wherein the method comprises
upregulating the glymphatic pathway.

8. The method of claim 1, wherein the agent has a
molecular weight ranging from 1 kDa to 150 kDa.

9. The method of claim 1, wherein the agent 1s a small
molecule.

10. The method of claim 1, wherein the agent 1s an
antibody or fragment thereof.

11. The method of claim 1, wherein the agent 1s a nucleic
acid.

12. The method of claim 1, wherein brain penetration 1s
increased by 60% to 110% compared to a control.

G o e = x



	Front Page
	Drawings
	Specification
	Claims

